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We present a novel class of calculable four dimensional composite pseudo-Goldstone boson Higgs 
models based on symmetric G/H coset spaces which contain a Higgs-parity operator V as well 
as a linear representation X’ for the Goldstone bosons. For such cosets the low-energy effective 
Lagrangian for the Standard Model fields can have an enhanced global symmetry which we call 
the maximal symmetry. We show that such a maximally symmetric case leads to a finite and 
fully calculable Higgs potential, which also minimizes the tuning by eliminating double tuning and 
reducing the Higgs mass. We present a detailed analysis of the Maximally Symmetric SO(5)/SO(4) 
model, and comment on its observational consequences. 


I. INTRODUCTION 


Electroweak symmetry breaking (EWSB) is a key in- 
gredient of the standard model (SM) responsible for all 
elementary particle masses. While the discovery of the 
Higgs boson [i] [2] was a major milestone towards un- 
derstanding the mechanism of EWSB, several important 
issues remain unexplained. In analogy with supercon- 
ductivity the Higgs potential is assumed to be of the sim- 
plest Landau-Ginzburg type [3]. In the condensed matter 
systems we understand that the potential describes the 
condensation of emergent collective modes, however in 
particle physics we don’t even know if the Higgs is ele- 
mentary or composite, and what the true Higgs potential 
is. We would also like to understand whether the Higgs 
potential is stable under large quantum corrections in the 
ultraviolet (UV) and whether a small or large fine tuning 
is needed to maintain the hierarchy. 


The idea that the Higgs is a pseudo-Nambu-Goldstone 
boson (pNGB) of spontaneously broken approxi- 
mate global symmetry of some strong dynamics gives in- 
triguing answers to the above mysteries. In this scenario, 
the Higgs could be a bound state of some strongly cou- 
pled constituents, while the entire Higgs potential is ra- 
diatively generated via loops from the top and gauge sec- 
tors, which will trigger vacuum misalignment and EWSB. 
Due to its pNGB nature, the Higgs mass remains natu- 
rally light. The cutoff scale is reduced to the confinement 
scale A ~ 4x f (where f is the scale of global symme- 
try breaking). The sensitivity of the Higgs potential to 
this confinement scale can be further reduced by differ- 
ent mechanisms [7}{10]. However the parameters of the 
existing models have to be tuned to achieve a realistic 
Higgs potential and particle spectrum. The origin of this 
tuning is to ensure that the EWSB VEV v is small com- 
pared to the global symmetry beaking scale f, v/f « 1 
to evade electroweak precision [II] and direct detection 
bounds for the top partners [12] [13]. 

In this paper, we propose a novel type of compos- 
ite Higgs model that can address the above issues and 
require only the minimal structure of the general low- 


energy Goldstone boson (GB) Lagrangian. We consider 
models where G/H is a symmetric space, implying the 
existence of a Higgs parity operator V as well as a linear 
representation X’ = U?V for the Goldstone bosons. The 
original symmetry G can be used to easily find the gen- 
eral form of the low-energy effective Lagrangian in terms 
of the GB’s using X’ and the SM fields which are assumed 
to be embedded in (spurionic) full representations of G. 
In addition, the left- and right-handed components of the 
SM fermions have an enlarged Gr x Gp chiral symme- 
try (in the absence of the GB matrix X’). Our main 
observation is that the presence of the SM fermion mass 
terms (originating from X’) will not completely break 
the Gr x Gr, but rather leave a subgroup Gy (which 
keeps the pNGB field invariant gLE'gh = ©’) unbroken. 
The appearance of this “maximal symmetry” has wide- 
ranging consequences: the contribution of the top sector 
to the Coleman-Weinberg (CW) Higgs potential [14] is 
automatically finite. Similar arguments can be applied 
to the gauge sector, as we show in App. In addition, 
both the coefficients of the quadratic s? and the quartic 
s} terms are at the same order in the Yukawa couplings 
implying that the model has the minimal universal fine- 
tuning needed to get a small € = sin? (v/f), and the ab- 
sence of double tuning. The top Yukawa term is already 
Gv invariant so the top mass is also maximized, which 
suggests a relatively light lightest top partner, further 
reducing the tuning needed to obtain a 125 GeV Higgs. 


The paper is organized as follows. We first review 
the general formalism of pNGB’s for symmetric spaces, 
and present the master formula for the low-energy ef- 
fective Lagrangian in terms of a few form factors. We 
identify the maximal symmetry, which allows us to 
find the Coleman-Weinberg potential for general theo- 
ries with such a maximal symmetry. We then apply our 
general results to the minimal composite Higgs Model 
(MCHM) [15] based on the SO(5)/SO(4) coset. We 
present a simple set of vector-like fermions, where the 
origin of the maximal symmetry can be nicely identi- 
fied. Using collective symmetry breaking arguments we 
identify the form of the induced terms in the CW poten- 


tial in agreement with the general result from the master 
formula. Next we discuss the tuning necessary to ob- 
tain a realistic Higgs sector, and explain why this model 
minimizes the tuning. Finally we show possible signals 
for maximal symmetry and conclusion. The Appendices 
contain a concrete realization of the maximal symmetry, 
more examples of the Higgs-parity operator for various 
cosets, the detailed symmetry structure of the gauge sec- 
tor, the explicit expressions for the form factors of the 
MCH model, as well as the details of the numerical scan. 


II. EFFECTIVE LAGRANGIAN FOR PNGB’S 
ON SYMMETRIC SPACES AND MAXIMAL 
SYMMETRY 


As usual in composite Higgs models, we will con- 
sider a strongly coupled system which dynamically breaks 
its global symmetry G to H, and the Higgs fields are 
identified with the pNGBs which lie in the coset space 
G/H. The additional assumption we will make is that 
the coset space is a “symmetric space”, which means 
that it has the additional property that the commuta- 
tor of two broken generators closes into the unbroken 
group H. While properties of such spaces have been 
studied before [16], the general formalism has not been 
commonly applied to composite Higgs models. First 
we summarize the basic features of symmetric spaces. 
The general structure of the commutation relations for 
the T@(T*) (un)broken generators is [T¢, T°] ~ T°, 
[T*,T*] ~ Tê and [T*,T*] ~ T* where the first two 
relations are standard requirements such that T° form 
a subgroup, and the last relation is the added con- 
dition for the space to be symmetric. Some of the 
most commonly used moduli spaces satisfy this require- 
ment, including SU(N + M)/(SU(N) x SU(M) x U(1)), 
SO(N + M)/(SO(N) x SO(M)) and others. These con- 
ditions imply the existence of a parity operator V (which 
is called Higgs-parity), which is an automorphism of the 
form VT°V' = T* and VTêVÝ = —T® [40]. As usual 
the pNGB fields hê can be described by the Goldstone 


matrix 
hove 
U= exp (7 E (1) 


The main consequence of the existence of the Higgs par- 
ity operator V is that one can define a modified pNGB 
matrix which transforms linearly under the full set of 
symmetries G. The original pNGB matrix U has the 
non-linear transformation properties 


U — gUh(hê, g) (2) 


where g € G and h € H, and h depends non-linearly 
on the pNGB field hê and the transformation element 
g. However the parity transformed pNGB matrix U = 
VUV = U' transforms as 


Ü > VgVŪh' . (3) 


We can then define the modified pNGB matrix X’ = 
UU'V = U?V, which transforms linearly under the full 
global symmetries 


Yong". (4) 


The linearly realized global symmetry can be used to fully 
fix the structure of the low-energy effective Lagrangian 
of the theory. The SM fermions are charged under the 
SU(2); x U(1)y which is a subgroup of the full global 
symmetries G, thus they can always be embedded into 
the full symmetry group G. For the low-energy effec- 
tive action we consider a spurionic embedding, which 
can always be written in the form Vg, = A¢Q? and 
Vir = Arte if the left-handed (LH) top doublet Q and 
right-handed (RH) top singlet tr are embedded into Vg 
and Y}, which are in some representation of the full 
global symmetry group G. Thus imposing the original G 
symmetry will completely fix the most general effective 
action for the SM fermion fields coupled to the pseudo- 
Goldstone boson Higgses: 


Log = Vo, p4 (p) + 14(p)d')Vo, 
+ Tapp) + Ih (p)=/) Ur, 
+ Ug, Mi (po, + hc. (5) 


where the form factors II", and M£ encode the effect of 
the strong dynamics, and we assumed that Vg, +, are in 
the fundamental of G. In this case (since ©’? = 1) only 
terms linear in X’ can show up. Using the spurions Ayr 
we can go back to the basis of the SM fermions to write 
the effective Lagrangian as 


Log = ZPT + 2) 
+ trpTr[(16 + IÑ’) P,]tr 
+ MiQ¢trTr[d’ Pe] , (6) 


using the projection operators P; rır defined from the 
spurions as PeP = (AB AS, P, = (Ar) Ar and P? = 
(Ar)' AG. 

A careful examination of the symmetries of the effec- 
tive Lagrangian will allow us to identify an enlarged 
global symmetry in certain limits, which we will call the 
maximal symmetry. This maximal symmetry is the key 
new ingredient of composite Higgs models which will be 
the focus of discussions for the rest of this paper. Let us 
first start with the massless limit of when Mi = 0 
and also 1H = 0. In this case the global symmetry G 
is enlarged to a chiral Gr x Gr symmetry acting on the 
left/right handed fermions Vg, /WV;,.. Now turning on 
the top mass term Vg, M!(p)S/W,, (while still keeping 
ne = 0) we observe that we do not break the enlarged 
global symmetry completely, but rather leave a subgroup 
Gy: of GL xG r unbroken MI]. We call this Gy, the maxi- 
mal symmetry, which is identified with the subgroup that 
keeps the pNGB field invariant gz yt = X’. We explain 
the structure of this maximal symmetry in more detail 


in App. [A] The origin of this maximal symmetry and 
the conditions for the existence of this symmetry will be 
examined for the specific example of the SO(5)/SO(4) 
minimal composite Higgs in the section below. One gen- 
eral property of the case with maximal symmetry is that 
the Higgs potential is simply given by the top mass square 
(up to some form factor coefficients from the spurion ma- 
trix and the momentum integration) 


d* M?)?|Tr[x’.P2)|? 
2N | Plog ( on ul ill (7) 
274 pr Tr PH ir, P| 


V(h) = 


The numerator (M?{)?|Tr[X’.Pi.]|? in the above expres- 
sion determines all the properties of the Higgs poten- 
tial, and as we will see later will imply that the Higgs 
potential is actually finite. 


III. $O(5)/SO(4) MCHM 


We have seen the potential emergence of maximal sym- 
metry in composite Higgs models from the analysis of 
the effective Lagrangian. Here we present an explicit 
realization of a realistic model with the maximal sym- 
metry. We show the conditions for the emergence of 
maximal symmetry, as well as its consequences on the 
UV properties of the Higgs potential. We will see that 
the existence of maximal symmetry will impose a con- 
dition on the spectrum of the composites as well as re- 
lations among the mixing terms between the elementary 
and the composite sectors. The MCHM is based on the 
smallest SO(5)/SO(4) coset space with custodial sym- 
metry [15] [19], so we will choose this as our benchmark 
example. This coset does correspond to a symmetric 
space, thus the general formalism presented above can 
be applied here. The Goldstone matrix for the fields hê 
corresponding to the broken generators is 


U = exp (Pure) ; (8) 


which transforms non-linearly as U + gUh(h*,g)', g € 
SO(5) and h € SO(4). The explicit form of the Higgs 
parity operator V is 


ven | (9 


with the properties V = VÝ and V? = VV' = 1. As ex- 
plained above we can then construct the linear Goldstone 
matrix X’ = U?V, which is the variable that should show 
up in the low-energy effective Lagrangian. 

Next we will explicitly construct this low-energy effec- 
tive Lagrangian for the fermion sector obtained from the 
interactions with the heavy top-partners. This will also 
allow us to explain the origin and the significance of the 
maximal symmetry. Following the usual assumption of 
partial compositeness, the SM fermions, and in particular 


the third generation quarks qz = (tr, bL) and tp are in- 
troduced to couple linearly to the strong sector. Thus we 
assume that the elementary-composite interaction is [20] 


L=dArgZAL,Ob + ArtrAFOL + h.c (10) 


where QO; p are fermionic operators from the composite 
sector. These OŁ, r transform in a linear representation 
of SO(5), a is an SU(2) index and I is an SO(5) index. 
The A” are spurions characterizing the nature of the 
explicit breaking arising from the fermion sector. The 
mixing terms will be SU (2)z x U(1)y x SO(5) invariant 
if the spurions AY” transform as 


Aer uA” Egt (11) 


where u is an electroweak transformation and g is a global 
SO(5) transformation. The actual values of the spurions 
A”-® are uniquely fixed by the requirement of leaving the 
SM SU(2), subgroup embeded in SO(5) unbroken [20]: 


we hee 0D 
Another way to state this is that the transformation 
properties of the spurions AŻ? will fix how to embed 
the SM fermions into incomplete SO(5) multiplets. In 
this approach we will have qr and of tr embeded into 
the 5 of SO(5) (together with a proper U(1)x charge 
assignment): 


ae (; 01 -i oe 00 0 1).(12) 


br 0 
1 —iby 0 

Uj, =—| t Vin =| 0 (13) 
qL V2 it; R 0 
0 tR 


The O composite fermions are assumed to be Dirac 
fermions, with Dirac masses arising for each of them from 
the composite dynamics. The operators Oz, r will be 
contained in some of the SO(5) representations, for ex- 
ample 1, 5, 10, or 14. Here we will consider the case 
where O is contained in the 5 of SO(5), but our analy- 
sis can be directly generalized to other representations. 
The decomposition of O under SO(4) is 5 > 4 + 1, or 
O > Vg+Ws, where Yos contain the top partners 


iB — iX5/3 0 

1 | B+Xsvs 0 
jo | ar six, | Bea) 0 (14) 

Sa eee ce 0 

0 i 


The general fermionic Lagrangian can then be 
parametrized as 


Ly = Voliý — Mo)¥go + YsliY — Ms)Vs 
+ d G,,Pr(esU Vs + QUVo) 


v2 


fUq Pr(eqsUVs + €gQUVg) +h.c., (15) 


+ 


where Ay, are contained in the definitions of the Yukawa 
couplings €, and top and top partner masses are 

— sss? KOI 

2MrMr, 


Eqs 
EqQ 


2 
Mr = èg]? + M3, Mr, = yŽEP + M3. (17) 


In order to understand the symmetry properties of this 
Lagrangian more easily it is useful to combine Vg and 
Ọs back to complete representations 5 of the global sym- 
metry SO(5) (and assume for simplicity that CP is con- 
served): 


(16) 


sin 


Mt 


Mo- Ms 
Ets 


1 1 
Y = — (Yo +Y W_ = — (Yo — Ys). 
+ 75! qt Ys) 7a! Q= Ws) 
Thus Y, and W_ are related by the Higgs parity opera- 
tor: Y4} = VW_, and are not independent fields. 
Our original fermion Lagrangian in terms of Vi 
is: 


(18) 


Lf = QW iyt, + f(c-RYiRUV YL + C RV, ,UV 41) 
— (Mg +Ms)¥41Vir— (Mg —Ms)VirVViR 
+ f(ce-nVa, UVViR a cy EV, UW Rp) + h.c., 


(19) 


where the Yukawas are chp = “258, cyr = “ORAS. 


This simple form of the Lagrangian allows us to iden- 
tify the possible symmetry breaking patterns and identify 
the conditions for the emergence of the maximal symme- 
try. We have assumed here that the composite fermions 
Wg and Wg fill out a full SO(5) representation. This 
does not generically have to be the case, but it will be 
a necessary condition on the spectrum of composites in 
order to obtain maximal symmetry. Once the compos- 
ites do fill out a complete SO(5) representation the ki- 
netic terms will have the enlarged SO(5)r x SO(5)r chi- 
ral global flavor symmetry, which can have various sym- 
metry breaking patterns depending on the structure of 
the Yukawa couplings and composite mass terms. These 
symmetry breaking patterns will determine the form of 
the radiatively induced Higgs potential and its degree of 
divergence. Since our goal is to find an implementation of 
the maximal symmetry, we will set c_, = c_r = 0 in the 
general Lagrangian. If c_ and c} were to appear simulta- 
neously in the Lagrangian one would not be able to main- 
tain an entire SO(5) global symmetry as needed for max- 
imal symmetry. This requirement for maximal symme- 
try is equivalent to the assumption that the elementary- 
composite mixing terms are fully SO(5) invariant. Of 
course one could as well have chosen c+z,r = 0 and ar- 
rive at similar results. In this case, the Lagrangian is 


Ly = QW iy, + ferrVi,U Vir + fea’ s; UVR 
— Vir((Ma + Ms) + (Mg — Mg)V)W+R + h.c. (20) 


Once we impose cz r = 0 the mixing terms will have 


the full SO(5)z x SO(5)r chiral global symmetry, and 


the breaking pattern depends on the relation of the mass 
terms Mg,s, giving rise to the following possible breaking 
patterns: 


Mo- Ms =0 > SO(5)r x SO(5)r/SO(5)v 
Mg+Ms=0 => SO(5), x SO(5)r/SO(5)v 
|MQ]| # |Ms| = SO(5)L x SO(5)r/SO(4)v (21) 


Clearly the second case Mg + Ms = 0 corresponds to the 
maximally symmetric scenario, which we will eventually 
be focusing on. Let us now examine what these symme- 
tries imply for the structure of the Higgs potential. 


e If Mg = Ms the second (twisted) mass term 
vanishes. The entire remaining Lagrangian is in- 
variant under the SO(5)y global symmetry where 
UYL, R —> VUWV +7 R, Ytr,QL —> Vin QL- This 
global symmetry contains the original shift sym- 
metry, so the entire Higgs potential vanishes, thus 
every term must be proportional to Mg — Ms. 


If the untwisted mass vanishes Mg + Ms = 0, 
then there is still a remaining global symmetry, 
the maximal symmetry SO(5)y-, but it does not 
contain the entire Goldstone shift symmetry, thus 
a potential will be generated. The transforma- 
tion here is UY} > LUW4,,UVirp > RUViR. 
Since the twisted mass term can be also written 
as V LU EUW pg, the condition for the unbroken 
SO(5)y: symmetry is L'Y’ R =’. 


In order to find the actual structure of the radiatively 
induced Higgs potential we need to examine the collective 
symmetry breaking properties of (20). 


e The combination of the c+; and the two mass terms 
will break the shift symmetry. However we can see 
that we need all three of these terms to generate a 
potential. If ci; = 0 we don’t have U appearing at 
all. If Mo — Ms = 0 we have the vectorlike SO(5)y 
symmetry as above. If Mg + Ms = 0 we have the 
unbroken global symmetry UW, pr > RUY,pr and 
Wi, —> VUtRUW,,, which contains the Higgs shift 
symmetry. Thus the Higgs potential must be pro- 
portional to c} (Mo + Ms)(Mg — Ms), and the 
left-handed top W,, in the closed loop contributed 
to the Higgs potential can only couples through 
fe4rVq,UV +R + h.c. so czy, actually has to show 
up as |c+z|?, resulting in a contribution logarith- 
mically sensitive to the cutoff: 


Vig ~ |eLl f’ (Mo + Ms)(Maq—Ms)log A? (22) 
A similar term is obtained using cp: 
Vre ~ |c+r| f? (Mo + Ms)(Mgo — Ms) log A? (23) 


e The combination of c+z,c4+pr and the twisted mass 
term will break the shift symmetry (but leave the 
maximal symmetry intact), and a potenial will be 


generated. Again we can see we need all three terms 
to generate a potential. If the twisted mass term 
is turned off we again have the vectorlike SO(5)y 
containing the shift symmetry. If for example c4}; 
is turned off, we again have the global symmetry 
UW. Rp > RUV Rp and Vy, > VU RUY; which 
contains the Higgs shift symmetry. So we need all 
three terms to show up, and in fact to be able to 
actaully generate a potential all three have to show 
up twice, giving rise to a finite contribution of the 
form. 


leq? lc+rR\ f (Mo — Ms)?/A?. (24) 


Integrating out the heavy top partner UV, from the 
Lagrangian in we obtain the form factors 1%", 1%" 
and M? for the effective Lagrangian of the elementary 
quarks as in Eq. (5). The explicit expressions of the 
form factors are given in App. |E| Recalling that the ef- 
fect of the SO(5)z x SO(5)r global symmetry on the ele- 
mentary fields is Yip > RYir, YQ > LUQ, it is clear 
that IG (II$) is SO(5)L(SO(5)r) invariant, while II? (II$) 
break the full SO(5); x SO(5)r to SO(5)y corespond- 
ing to L = R. However the top mass term M} leaves the 
maximal SO(5)y’ invariant, since that symmetry corre- 
sponds to the choice where L'S’R = X’. Thus for the 
maximally symmetric SO(5)y case we automatically get 
I?’ = 0. The expression for the top mass in this case 
simplifies to m; = c+7.¢+r(Mg—Ms) f? /(2MrMr, ), and 
we see that the contribution to the Higgs potential is 
proportional to the top mass square V ~ (Mf{d’)? ~ 
A2 A2 ft (Mo — Ms)?/A?, which is finite and has the form 
as expected from the general symmetry arguments. 

We summarize this section by restating the conditions 
for maximal symmetry: the composites should fill out 
a full SO(5) representation, the elementary-composite 
mixing terms should be fully SO(5) invariant, then the 
twisted mass term for the composites preserves the max- 
imal symmetry SO(5)y- (while the untwisted mass term 
should vanish). 


IV. TUNING IN THE HIGGS POTENTIAL 


Parametrizing the potential as usual as 
V(h) = =s + sh (25) 


we find at the minimum € = s? = gg: Our main result 
on tuning is that as a result of maximal symmetry the 
fermionic contribution to y and 6 are equal. Hence the 
only source of tuning is the approximate cancellation be- 
tween the fermionic and gauge contributions to y imply- 
ing yf +79 © 0, yielding in a minimally tuned composite 
Higgs model. Below we present a detailed explanation of 
this result. 

In generic composite Higgs models the Higgs potential 


is usually (quadratically) divergent, with 


N.M+ A2 A2 
E 2 4 : 
yf = z7 fez z + coe log ~a + finite 
167 I; M; M; 
N.M# A2 
Eer 14 : 
= o log — + finit 2 
By T6779? fe og m + fini | (26) 


where € is a Yukawa coupling €,5(Q), €¢s(q) and My is a 
typical fermion resonance mass with interaction strength 
gf, and My = gff. To obtain € < 1 requires that 
we first tune the quadratically divergent coefficient c2 
(by cancelling various O(c?) contributions against each 
other) such that the quadratically divergent contribution 
gets reduced to the size of the log divergent term. This 
impies a tuning of the order of the ratio of the two con- 
tributions to y. In addition, one needs to ensure that 
y = 2€8, which implies another tuning of order 1/€. The 
total tuning will be of the order 


adp A r 
T Ee Mlog* (a7) 
f OS MZ 


which is paremetrically much larger than the minimal 
tuning Amin = 1/6 B3]. 

Holographic composite Higgs [24] models based on a 
warped extra dimension and their deconstructed ver- 


sions yield a log divergent or finite Higgs po- 
tential. For symmetric spaces the low-energy effective 


Lagrangian after integrating out the heavy fermions is 
still given by (5), except the form factors will be more 
strongly suppressed at large momenta due to the ad- 
ditional fermion propagators needed to be inserted for 
the additional intermediate sites (in deconstructed ver- 
sions) or propagation in the bulk (in extra dimensional 
versions). For example for a three site model, the lead- 
ing local contribution to the Higgs potential arises from 
dimension six operators, implying that iM behaves as 
O(p~®) for large p and thus y and £ are finite (See Ap- 
pendix [D| for details). However y is still O(e?) while 
b is O(e*) in the Yukawa insertions. Thus the discrete 


2 

MCHMs has a double tuning given by A®+® ~ aa i 
which is bigger than the minimal tuning for e < gf. 

However the model with maximal symmetry presented 
in does not suffer from this double tuning, but rather 
has the minimal tuning 1/€. Thus maximal symmetry 
implies minimal tuning. A simple way to see this is 
to realize that for models with maximal symmetry the 
Higgs potential will have an additional Z2 symmetry cor- 
responding to the sp —> —cp exchange, analogous to the 
case of twin higgs models (where the exchange symmetry 
is a consequence of the Z2 symmetry between the visi- 
ble and twin sectors). Here instead one has another Z2 
symmetry of the form: 


Wir —> Piz, VR > VPiVŪĻR, U > VUV PV, 
Wo, > VVar = Yar, Vin > PoVir = Vir (28) 


qL? 


where Py = diag(13x3,01), P2 = diag(13x3,—03). Using 
VP V = P, one can easily show that this leaves 
invariant, while the effect of this transformation on the 
Goldstone matrix U is the exchange sn © —cp, implying 
that the Higgs potential must be invariant under this 
exchange symmetry. This symmetry will then forbid the 
€?s? term (similar to twin composite Higgs models [29}- 
[31]) and eliminate the double tuning. [42] 

The explicit expression of the Higgs potential in our 
model with maximal symmetry up to O(c? 1c p/g}) us- 


ing (7) will be 


N.M?(Ms — Mo)? [È e 
V, > CLR f tHE ER [—s? + s7] 
167?g$ g$ ? h 
N. M4 d 
of [ Yt 2 4 
~ 29 
CLR 1672 (+) [ Sh + Sh] ( ) 


where y = m/v ~ c4LC+R/gp is the top Yukawa cou- 
pling and crr is an order one dimensionless constant. 
Thus the leading fermion loops result in 6 = y, and an 
almost constant vacuum alignment parameter € ~ 0.5. 
In order to reduce € to experimentally allowed values 
€ < 1 one needs to include gauge contributions, and 
impose a cancelation between the fermionic and gauge 
contributions of the y terms yf ~ —7, (while 8, is at 
order O(g*/g}) which is always negligible compared to 
Bf). The tuning required will then be 


max(|y¢|,l¥l) 1 (30) 


~ 


E+] 2 


which is the minimal universal tuning necessary for a 
small €. As discussed in App.|C} imposing that the vector 
meson p, and the axial-vector meson a, form a full ad- 
joint representation of SO(5) automatically renders the 
higgs potential finite, and the corresponding gauge con- 
tributions to the potential are [22] 


9 f4g4 m2 
= log“ } . (31 
Po = Toza T Ema SY) 


A(5+5) — 


9f?’g m? In2 
a 


For general composite Higgs models one usually needs 
some additional tuning to get the Higgs mass down to 
125 GeV. However the model with maximal symmetry 
has the special property that the top mass is maximized: 
m ~ sin 0z sin Ôr |Mg— Ms|sp where 07, and Op are the 
degrees of LH and RH top compositeness. Since maxi- 
mal symmetry implies Mg = —Ms, the |Mg — Ms| fac- 
tor is maximized, hence the degree of compositeness can 
be minimized while the top mass is held fixed at the 
physical value. This also implies that the mass of the 
lightest top partner min{ Mr, Mr, } = min{ A ; =o} 
is also automatically reduced, which in turn cuts off 
the top contribution to the Higgs mass earlier, my « 
min{ Mr, Mr, }m:/f, and allows us to obtain a light 125 
GeV Higgs in the maximally symmetric limit. 

To explicitly verify our estimates we have numerically 
evaluated the tuning in the model of (20. We have used 


the measure [23] of tuning 


22; 2 OPV, 
Sh Pm? OxLiðSh 


Nri = max(^;), Ai = (32) 


where the x;’s are the parameters of the theory. The 
maximal symmetry implies Ms = —Mg and eQ = &s = 
C4R; EgQ = Eqs = TE> which we have imposed here. The 
analytical expression for the maximal tuning (using the 
above measure) at order O(y?/g7) is 


Am = 2s +76] =F- 2. (33) 
The numerical values of the tuning are shown in the 
top panel of Fig. [as a scatter plot for the contribution 
from the different fundamental parameters x;, which are 
chosen to be ci R(black), cy,(blue), f(red), Ms(green), 
and m,(magenta), as a function of mp with € = 0.1 held 
fixed. In the bottom panel the amount of tuning as a 
function of the vacuum alignment parameter € are shown 
Mp = 125 GeV. We can clearly see that the largest tuning 
is from mp which is from the requirement yf ~ —yg and 
is slightly smaller than 8 for € = 0.1 because corrections 
beyond those at O(c? ¿c g/g$) can also contribute to 8p 
making it slightly smaller than yr. 


V. SIGNALS OF MAXIMAL SYMMETRY 


The main consequence of maximal symmetry on the 
general effective Lagrangian in Eq. is the vanishing of 
the form factors II?’ = 0, which is what one would like 
to check experimentally. The best way to do that is to 
consider the properties of the top quark. In Eq. one 
can canonically normalize the top quark field, such that 
the form factors now appear in the top mass term: 


7 Mi Tr[d’.P) Jit 
ef Vids + >) PME, + P] 


rs (34) 


Expanding this in terms in powers of the Higgs field will 
give the various top-top-Higgs couplings, which (at least 
tth and tthh) should be measurable at the LHC. The 
presence of the II?’ form factors in make the top 
Yukawa to depend on more than a single trigonometric 
function of h/f, which is absent for the case of maximal 
symmetry. Thus precise measurements of the top-Higgs 
couplings could be used to test maximal symmetry. For 
example, in MCHMs, the top Yukawa couplings can be 
parametrized as 


2h hN 
Ly ~ Mł sin F (1 + (aqlli + aI ) sin? =) tt. (35) 


The prescription would be to first measure the top higgs 
coupling in ordere to guess the form of Tr[X".P}] (which 
also depends on the representation of the fermions). A 
more precise measurement of those couplings at future 
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FIG. 1: Top: Scatter plot of tuning A; for the various input 
parameters xi, C+r (black), c+z (blue), f (red), Ms (green) 
and m, (magenta), as a function of mp with € = 0.1 held 
fixed. Bottom: the tuning Am as a function of for higgs 
mass mp = 125 GeV. The red solid line is the analytic result 


from Eq. (33). 


colliders can then tell us the whether the top mass term 
can be written in terms of a single trigonometric function 
or not. 

Another way to test maximal symmetry is via the prop- 
erties of the additional resonances if they are within the 
reach of the LHC (or future colliders). One can then de- 
rive sum rules for the conditions of the cancellation of 
the quadratic and log divergences in the Higgs potential. 
For example for the case of the top partners, we obtain 
the sum rules 


Tr[Ym Mp] = 
Tr[¥nM3] = 


0+ O(v?/M?) 
0+ O(v?/M;) 


(36) 
(37) 


where Ym is the Yukawa coupling matrix of the top part- 
ners and and the top quark while Mp is their mass ma- 
trix. The first (second) condition is the cancellation of 
quadratic (log) UV divergences in the Higgs mass term. 


The derivation of the above formulae for the general case 
(including scalars) will be presented elsewhere. Measur- 
ing the masses and couplings of all charge 2/3 top part- 
ner resonances, one can test these sum rules and thereby 
maximal symmetry. 


VI. DISCUSSIONS AND CONCLUSIONS 


In this letter, we explored models of radiative EWSB 
where the Higgs is a pNGB of a symmetric coset space 
G/H. In this case, there exists an unique Higgs par- 
ity operator V, and a modified pNGB matrix X’ can 
be constructed which transforms linearly under the full 
global symmetries. This symmetry fixes the structure of 
the general low-energy effective Lagrangian between the 
SM fields and the GB matrix to generate the effective 
Higgs potential. We applied our results to study the top- 
Higgs system, and found that there might be an enhanced 
global symmetry (which we call maximal symmetry) Gy» 
which is the maximal subgroup of the chiral symmetry 
GL X Gr for LH and RH top quarks. This maximal sym- 
metry implies that the Higgs potential is automatically 
UV finite, and the tuning of the Higgs potential is also 
minimized. The origin of the minimal tuning is that the 
quadratic term from the top sector is suppressed, while 
the physical Higgs mass is automatically small due to the 
maximized top mass term. We have applied this maxi- 
mal symmetry to MCHMs where only one free parameter 
is allowed for a given € and confirmed numerically that 
even in the simplest case, our model has minimal uni- 
versal tuning 1/2€. Testing our model requires either 
accurate measurements of the top-multi-Higgs couplings 
or testing the sum rules for the masses and couplings of 
the heavy resonances implied by the cancellation of the 
divergences in the Higgs mass term. 
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Appendix A: A Concrete Realization of the 
Maximal Symmetry 


We present an illustration of the appearance of the 
maximal symmetry. Consider a general Gr x Gpr chi- 
ral symmetry broken to Gy through a twisted link 


field X’, where (up to a G transformation) this twisted 
link field X’ has a twisted VEV V, and also serves as 
the automorphism map for the symmetric space G/H. 
As usual V has the properties VT¢V't = T* for the 
unbroken and VT*Vt = —T® for the broken genera- 
tors. The unbroken group is given by LVR! = V, or 
LV = VR. To find the actual unbroken combination of 
generators we take the explicit forms L = exp(i0¢T?) 
and R = exp(i0%,7%). Considering infinitesimal transfor- 
mations we get 0¢T#V = V0%T?. Since V is the Higgs 
parity operator: VT® = T°V and VT® = —T“V, we find 
that the unbroken Gy, symmetry contains the combina- 
tion of generators 67 = @% for the unbroken direction 
and 6% = —0% for the broken direction. Therefore, the 
twisted moose breaks Gz x Gr into Gy, which consists 
of Hy and (G/H)a. 


Appendix B: Higgs Parity Operator for Symmetric 
Coset Spaces 


In this Appendix we present the explicit form of the 
Higgs parity operator V for various symmetric coset 
spaces. For SU(M+N)/SU(M)x SU(N)xU(1) (N 41 
and M # 1) or SU(M + 1)/SU(M) x U(1) type of 
breaking, the fundamental representation can be decom- 
posed as (M + N) > Mı + N_,, where the lower in- 
dex +1 is the V parity. The adjoint of SU(M + N) 
can be decomposed as the (Mı + N_1) x (Mı + N1) = 
(M?—1),+(N?-1)1+(MxN)_14+(NxM)_14+11. Thus 
the broken generators have negative V parity, while the 
unbroken ones positive, proving that V is the automor- 
phism map of this symmetric space and is of the form 
diag(1,1,...,-1). Similarly for SO(M + 1)/SO(M) or 
SO(M + N)/SO(M) x SO(N) spaces the automorphism 
map has the same form as above. 

For SU(2N)/S'p(2N), the VEV responsible for the 
breaking pattern and consequently also the Higgs par- 
ity operator ® is an antisymmetric matrix belonging to 
the SU(2N) group. The unbroken generators T° and 
broken generators Tê satisfy [34] 


To+o(7T)? =0 46-7")? =0 (B1) 
Thus the automorphism is given by 
T => -6T ot > U > oU*ol (B2) 


while the linearly realized sigma field, X’, and its trans- 
formation under the global SU(2N) symmetry is 


E = UPUTI =U? So LELTE 


XY = HOS 5/5 LNL? LesU(2N). (B3) 
We can choose a basis where ® is represented as 
®=1nxNn x (ioa) (B4) 


Similarly for SU(N)/SO(N), ® is a symmetric matrix 
belonging to the SU(N) group. The unbroken and bro- 
ken generators satisfy the same relation as in Eq. (B1). 


So the linear realized sigma field X’ is the same as the 
one in Eq. (B3). With an appropriate choice of basis ® 
can be written in the form of 


0 Inyw 
ẹ = 22 N=2l 

Ixy N 

2 2 

0 lx-ig -1 
2 2 

ẹ = 0 1 0 N=21+1 

Twa Nat 0 

(B5) 


Appendix C: Symmetry Breaking Patterns in The 
Gauge Boson Sector for SO(5)/SO(4) 


For the SO(5)/SO(4) MCH model the quantum num- 
bers the of vector and axial-vector resonances p, and a, 
under H = SO(A4) are p, = 6 and a, = 4. In the hid- 
den local symmetry approach [35], under a global SO(5) 
transformation g, these resonances transform as 


Pu > hpph? + nd, ht 
Ip 
(C1) 


where h = h(g, hê) € SO(4). At leading order in deriva- 
tives, the most general Lagrangian can be written as (we 
assume for now only one copy of vector and axial reso- 


nances) [22] [36] 


an > ha,ht 


v 1 V f 
L = -g Tr[opv p” ] alr a Trigop = E,)"] 

a 1 pv le 2 
L = -I Tr[apva"”] + DA2 Tr[(gaap — Ad,)*] 


2 
Lyin = E Tldad"), (C2) 
where U'D,U = E®T* + déT® and T*(T°) are (un)- 
broken generators and D, = ô, — igoAj,T is the gauge 
covariant derivative. The field strengths and covariant 
derivatives are defined as 


Puv = On Pv — OvPu — igplPu, pr]; 
Vide — Vian, V = 0-iE. 


ra (C3) 
Since the pNGB potential is generated from the mixing 
and the kinetic terms, we suppress the field strengths in 
following discusion. The total Lagrangian can be rewrit- 
ten as 


L = fTr|(d, + Ep)?] + 2Tr[V (E, + dp) V (E! + d,)| 
— mÊ Tr[(p, + 4@,)(d, + Ep) 
— m Tr[V (pu +ap)V (dp + E,)| 


ms T m2 
4 — y Tlo + Gy)(Py + ap)] 
m2 — m2 
+ ATA T[V (Op + au)V (Pn + ay) 


(C4) 


2 2 2 2 p2 2 
2 F +2fa +2, 2 2f J 2f 2 
where ff = — 35 A, É = ~*~ 4, m4 = 


2 p2 
MpfptMa fa 2 _ Mpfp Mafa 2 __ 2 £2 2 _ gaff 
5 mt = z , M5 = Goto. Ma = KF. 


We can see that the symmetry structure is very similar 
to the case of the fermion Lagrangian in (19). We have 
the original shift symmetry on the pNGB’s in E, +d, = 
U'tD,U contained in an SO(5); group: 

UtD,U > QUD, UQ (C5) 
In addition, since p,,+a, can form a full adjoint represen- 
tation of SO(5), we can combine p, and a, to tranform 
under an additional SO(5)2 as 
Pu + au > Q2 (Py + ay,) Ù (C6) 
where Q12 are SO(5)1.2 transformations. Hence we have 
an enhanced SO(5)1 x SO(5)2 symmetry, which has vari- 
ous symmetry breaking patterns depending on the struc- 
ture of the terms that are turned on in (C4). Just like for 
the fermion sector, the symmetry breaking patterns will 
determine the properties of the resulting induced pNGB 
potential. The main difference is that the analog of the 
maximal SO(5)y: symmetry in the gauge sector can not 
be achieved for physical parameters: it would correspond 
to m2 +m? = 0. Nevertheless the potential can be finite, 
and we will find the condition for a finite gauge contri- 
bution. First we summarize the main possibilities for the 
symmetry breaking patterns. 


e Consider first turning on only the f? and f? terms. 
The f} term is SO(5) invariant so it does not 
contribute to the pNGB potential, while the f_ 
term necessarily breaks the global symmetry to the 
SO(4); subgroup. Therefore the leading gauge con- 
tribution to the pNGB potential will be quadrati- 
cally divergent and given by 

Vg ~ gafa? (C7) 

e Next consider turning on only the m? and m? 
terms. If m2. = 0, the m? term breaks the global 
SO(5)ı x SO(5)2 into the maximal symmetry of 
the gauge sector SO(5)p whose transformation is 
aval = V. Since this unbroken group contains 
the pNGB shift symmetry the pNGB potential van- 
ishes. If m? = 0, for the same reason, the m4. 
term breaks the global SO(5); x SO(5)2 into the 
the diagonal subgroup SO(5)p whose transforma- 
tion is ORKON = 1. This subgroup also contains the 
PNGB shift symmetry. But if m? m? Æ 0, only 
the SO(4)p € SO(5)p subgroup is unbroken which 
does not contain the Higgs Goldstone symmetry. 
So the leading order of pNGB potential from these 
terms is proportional to 


Vy ~ gom? m? logh? (C8) 


e Now consider turning on only m? as well as the 
vector meson mass terms, m? # 0 and m2 Æ 0. 


The mass term proportional to m2 + m7 is SO(5)2 
invariant so this term does not contribute to the 
PNGB potential. However the term proportional 
to m? — mi is only SO(4)2 € SO(5)2 invariant. So 
if m2 —mz, = 0, SO(5)p is unbroken, the pNGB po- 
tential vanishes and thus the leading contribution 
to the potential is 


Vy ~ gom4 (ms — Ma) /A? (C9) 


2 


e Similarly, if we only turn on mź and the vector 
meson mass terms, the pNGB potential will be 


V ~ gomŻ (mp — ma)/A? 


(C10) 
So the pNGB potential from vector boson loops vanishes 
if and only if the global symmetry in the gauge sector 
is maximized, corresponding to the SO(5)p or SO(5)p 
global symmetry, the conditions for which are given by 


f+ 2f2 =f mafa -mofo =0 m- m =0 
(C11) 


However these equations only have one solution f? = 
0, f2 = f2, m} = m2, and the limit of maximal symmetry 
is never realized. In any other case the gauge sector will 
contribute to the pNGB potential if there is only one copy 
of vector resonances. If m? — m2 # 0 (but the first two 
sum rules are still satisfied) the full global symmetry is 
collectively broken to SO(4) and the pNGB potential is 
finite at one loop. If there are N copies of vector mesons 
it is possible for the unbroken global symmetry to remain 
the maximal SO(5)y or SO(5)y- in which case the gauge 
sector does not contribute to pNGB potential and the S- 
parameter also vanishes. The sum rule corresponding to 
a finite pNGB potential can also be easily generalized to 
the case with N copies of the massive gauge boson sector: 


N N 
PHY 2h =) Som? = Som? E 


(C12) 


Appendix D: Comparison to deconstructed models 


For models based on extra dimensions or their decon- 
structed version with a finite or log divergent potential, 
the higgs matrix U is either given by the Wilson line 
or is the product of the several link fields. In this case, 
the massless (elementary) SM fermions are localized at 
the first site while all the composite fermions are local- 
ized at other sites with their own vectorlike masses. The 
global symmetry at every site is the full G, except for the 
last site where this symmetry is spontaneously broken 
to H. For the case with maximal symmetry the vector 
fermion has a twisted mass with the Higgs parity oper- 
ator V inserted at the last site. By integrating out the 


heavy fields at the intermediate sites (or in the bulk), 
one can obtain the effective Lagrangian, the analog of 
Eq. (5) for more sites. The leading divergent term in 
the Coleman-Weinberg potential is ~ f d*plI?", there- 
fore the divergence of the Higgs potential is 4+div(II?"). 
For an N-site moose model the form factor of SM top 
kinetic terms put" contains 2N — 3 fermion propagators 
bvz, integrating out the composite fermions. If the Higgs 
parity operator V twists the vectorlike fermion masses at 
the last site, then the form factor will be proportional to 
1/(p? —mz) —1/(p? — ma) after integrating out the com- 
posite fermion at the last site, which implies an additional 
p~? suppression of the form factor. Therefore at large 
momenta plI{" are at least suppressed as O(p~?N+") i.e. 
I?’ œ p24, implying that the Higgs potential is finite 
for more than three sites. 


Appendix E: Form factors 


Here we present the explicit expressions of the form fac- 
tor obtained from integrating out the heavy fermions 
from the Lagrangian (19). 


Tg” 2 Hie (Pret ÊL RM + Mg — 2p’) 
ALRI? 2(p? — M5)( Mô — p?) 
cL, RC+L,R(Ms + Mo)(Ms — Ma) 
(p — Mg)(M@ — p’) 
m2" C4+L,RC-L,R(MÊ + Mg — 2p”) 
(p — Mg)(M@ — p°) 
(Èr rR +Êr r)(Ms — Mg)(Ms + Ma) 
2(p? — M3)(Mé — p’) 
Mi — M8Ms(c_1—¢+1)(c_r—¢+R) 
2(p? — M3) (p? — M$) 
MgMa(c-1 + c+L)(c-r + c+r) 
2(p? — M3) (vp? — M3) 


6) 
(c-r + L A 
( 


l Mgo(c- L+ CL) 
2(p? — M) (p? — M2) 
Ms(c-r — c+L)(c Roe R)p" 
Ape M) -M CE 


Appendix F: Numerical Scan 


We show scatter plots for the maximally symmetric 
MCHMs set-up for € = 0.1 in Fig. [2} The range of the 
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